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Optical study of interactions in a d-electron Kondo lattice with ferromagnetism
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We report on a comprehensive optical, transport and thermodynamic study of the Zintl com-
pound Yb14MnSb11, demonstrating that it is the first ferromagnetic Kondo lattice compound in
the underscreened limit. We propose a scenerio whereby the combination of Kondo and Jahn-Teller
effects provides a consistent explanation of both transport and optical data.
The past two decades have seen an enormous effort
exerted to understand systems with strongly correlated
electrons. In these materials, multiple interactions re-
sult in a litany of new behavior. Interestingly, some
of these interactions compete such that they are rarely
found together, but when they do coexist, the competi-
tion often produces a rich phase diagram. For example
in the manganites competition between Jahn-Teller and
double exchange interactions leads to the phenomenon
of colossal magneto-resistance.[1] Kondo lattices are an-
other example of materials where a variety of ground
states are exhibited, including Fermi liquids with heavy
quasi-particles and Kondo-insulators.[2, 3, 4] Yet there
are few materials where ferromagnetism and a Kondo-
resonance can be found simultaneously,[5] and none have
been shown to exist in the underscreened limit (namely
the local moment is larger than the number of screening
channels) or to exhibit Jahn-Teller and Kondo effects.
Furthermore, despite the large body of work on Kondo
lattices, very few d-electron systems have been discovered
that manifest heavy-fermion behavior.[6]
In this letter, we demonstrate that Yb14MnSb11 is
the first underscreened, ferromagnetic, d-electron heavy
fermion compound as well as the first to display Kondo
and Jahn-Teller effects. The compound Yb14MnSb11 be-
longs to the ”14-1-11” class of materials, which possess
the chemical formula A14MnPn11, where A is an alkaline
or rare earth atom and Pn is a Pnictogen.[7, 8, 9] These
compounds exhibit a wide range of behavior, including
ferromagnetism, anti-ferromagnetism, Jahn-Teller effect,
and colossal magneto-resistance, and can be found in
both metallic and semiconducting phases. Of particular
interest in 14-1-11 compounds are the MnPn4 tetrahedra,
which are distorted due to the Jahn-Teller effect.[9] The
magnetic behavior of these materials generally reveals the
Mn in a d4 3+ state, consistent with what is expected
from charge-balance. However, recent LDA calculations
and X-ray magnetic circular dichroism (XMCD) work
suggests the Mn are in a d5 + hole configuration.[10, 11]
The XMCD work on Yb14MnSb11 also showed that in
this ferromagnet (TC = 53 K), the Yb has a f
14 valence
and thus the moment results from the MnSb4 tetrahedra.
The Yb14MnSb11 single crystals were grown at ORNL
FIG. 1: (color online) R(ω) of Yb14MnSb11 at six tempera-
tures. Inset: ωp(T )(ω˜p(T )) as described in the text.
as described elsewhere.[8] This compound has been well
characterized by X-ray diffraction, magnetic susceptibil-
ity (χ),[9] electrical resistivity (ρ(T )), specific-heat [8]
and XMCD[10]. The sample was prepared for optical
measurements by mechanical polishing, resulting in a
mirror like surface. Resistivity, specific heat, magnetic
susceptibility, ellipsometry and near-normal incidence re-
flectivity (R(ω)) experiments on the same single crystal
were made at UCSD. The reflectivity was measured over
broad frequency (25 to 25,000 cm−1) and temperature
(7 K to 292 K) ranges. The complex optical conductiv-
ity (σ(ω) = σ1(ω) + iσ2(ω)) was determined through a
Kramers-Kronig analysis from the reflectivity measure-
ments and confirmed at room temperature by spectro-
scopic ellipsometry (5,000 to 25,000 cm−1). For the low
ω region, we employed the Hagen-Rubens formula.
In Fig. 1 we plot R(ω) from 292 K to 7 K. We first
focus on the gross features seen in the 292 K spectrum,
begining with the gradual decrease towards a local min-
imum at ω ≈ 3100 cm−1. This response is characteristic
of intra-band transitions, with the minimum signifying
the screened plasma frequency (ω˜p =
ωp√
ǫ∞
), where ωp
2TABLE I: Parameters determined through the combination
of sum rules for the optical conductivity, magnetic susceptibil-
ity, resistivity and specific heat as described in the text. We
note that the value of the Sommerfeld coefficient was deter-
mined via measurements down to 2K yielding a value larger
than previously reported in ref. [8].
n 1.4× 1021cm−3 kF 0.35A˚
−1
m∗ 17.6 me mB 1.76 me
EF 0.261 eV E
∗
F 0.026 eV
dρ
dT
2.1µΩcmK−1 d
2ρ
dT2
0.5µΩcmK−2
γ 145 mJ/molK2 TC 49.22 K
χ0 0.005cm
3/mol µeff 5.08µB
is the plasma frequency and ǫ∞ the high frequency di-
electric constant. The plasma frequency (ω2p =
ne2
mb
), is
a measure of the kinetic energy of the carriers as n is
the carrier density, mb the band mass, and e the electron
charge. The resonance at ω ≈ 9, 000 cm−1 results from
inter-band transitions. As the temperature is reduced the
kinetic energy of the free carriers is enhanced, signified
by the increase in R(ω < ωp) and the blue shift of ω˜p.
Finally, the slope of the reflectance just below ω˜p grows
dramatically, while R(ω < 1000 cm−1) flattens.
These features are manifested in the Kramers-Kronig
generated σ1(ω) shown in Fig. 2. At 292 K, σ1(ω) reveals
two overlapping broad features extending to 4, 000 cm−1.
As the temperature is lowered these features develop into
two distinct components. In the far-infrared region, there
is a narrow Drude-like response signifying the ”coherent”
behavior of the free carriers, while a mid-infrared reso-
nance appears resulting from the ”incoherent” response.
The spectra, and their temperature dependence, bear a
striking resemblance to what has been observed in Kondo
lattice compounds[3, 4]. In particular, at low tempera-
tures (T < T ∗) a Fermi liquid with heavy quasi-particles
forms resulting in a narrow Drude-like feature at low en-
ergies and a gap-like feature in the mid-infrared. As the
temperature is raised above the coherence temperature
(T > T ∗), the carriers are no longer scattered with the
same phase at each magnetic ion. Therefore, coherence
is lost above T ∗ and the sample reveals broad spectral
features similar to an ordinary metal. Surprisingly, the
coherent state in Yb14MnSb11 appears to develop at the
same temperature as the ferromangetism (i.e.: T ∗ ≈ TC).
Another notable feature of σ1(ω ≤ 4000 cm
−1) in
Yb14MnSb11 is the temperature dependence of its over-
all strength. To quantify the change in spectral weight
we explore the temperature dependence of the plasma
frequency determined through a number of means in the
inset of Fig. 1. Since the reflectivity minimum and the
maximum of the loss function (−Im[ 1ǫ ], where ǫ is the di-
electric function) only approximate ω˜p, we have exploited
the well-known f-sum rule to determine the plasma fre-
quency: ω2p =
2
π
∫∞
0
σ1(ω)dω.[16] While similar changes
FIG. 2: (color online) σ1(ω) of Yb14MnSb11 at all mea-
sured temperatures. The clear development of a low tem-
perature ”coherent” peak can be seen. Inset: (solid/dashed
lines) m
∗(ω)
me
from the extended Drude analysis and the fit us-
ing Fermi’s Golden rule and the density of states in Fig. 4b,
(blue circle) from the specific heat analysis as described in the
text.
in spectral weight have been seen in other carrier medi-
ated ferromagnets, they are always observed at tempera-
tures below the onset of ferromagnetism.[14, 15] On the
other hand, manganites have shown similar shifts in ωp
due to the competion between Jahn-Teller and double ex-
change interactions.[1] However, the increase in ωp seen
in Fig. 1 is consistent with recent Hall data where the n
increases as the temperature is lowered.[17] Interestingly,
the changes in ωp subside for T ≤ TC just as the corre-
lated state develops. As discussed later, this results from
an interplay between the Kondo and Jahn-Teller effects.
The coherent state in Yb14MnSb11 is also revealed by
the quasiparticle lifetime (τ(ω)) and renormalized mass
(m
∗(ω)
mB
) determined in the extended Drude formalism:
m∗(ω)
mb
=
ω2p
4π
σ2(ω)
σ21(ω) + σ
2
2(ω)
1
ω
(1)
1
τ(ω)
=
ω2p
4π
σ1(ω)
σ21(ω) + σ
2
2(ω)
(2)
In Fig. 3, we plot 1τ(ω,T ) demonstrating the development
of long-lived quasi-particles at low energies, probed in
either the temperature or frequency domains. This sud-
den reduction in scattering has also been seen in Kondo
lattice compounds and is generally attributed to the co-
herent scattering of the quasi-particles by the magnetic
impurities. In particular, this coherent response is be-
lieved to be a key signature of the formation of a Kondo
resonance in the lattice.[2, 3, 4, 12] Further evidence for
a Kondo resonance in Yb14MnSb11 is provided by
m∗(ω)
me
3FIG. 3: (color online) (black) 1
τ(ω,T )
data with an interpo-
lated surface, see eq. 2, (grey) the scattering rate from the d.c.
resistivity (ρ(T ) = 1
ω2p(T )τ(T )
), and (blue line) fit to 1
τ(ω,7K)
.
plotted in the inset of Fig. 2. As T and ω are low-
ered, m
∗(ω)
me
of the quasi-particles is enhanced, suggesting
a renormalzation of the states at the Fermi energy (EF ).
To confirm this mass enhancement, we have deter-
mined the linear term in the low temperature specific
heat (γ ∝ n1/3m∗, not shown) and renormalized plasma
frequency ((ω∗p)
2 = 2π
∫ ωc
0 σ1(ω)dω ∝
n
m∗ )[18] from which
we can calculate the values of n and the effective mass(see
Table I).[4] The value of m∗(ω → 0) determined through
the combination of γ and (ω∗p)
2 is plotted in the inset
of Fig. 2 and has an excellent agreement with the re-
sult of the extended Drude analysis. The n determined
this way is not plagued by the same difficulties as mea-
suring the Hall coefficient and suggests that optics and
specific heat measurements are excellent complementary
methods to determine the carrier density in magnetic
materials. This analysis also demonstrates the valid-
ity of the extended Drude analysis since we find that
(ωp(300K)/ω
∗
p(7K))
2 = τ(7K)/τ(300K) = m∗(0)/mB.
We return to the low T/ω suppression of 1τ(ω,T ) and en-
hancement of m
∗(ω,T )
me
to better understand the coherent
state. One can model the scattering rate in a ferromagnet
using Fermi’s Golden Rule for spin flip scattering:
1
τ(ω)
∝
∫ ω/2
−ω/2
[N↓(ω′ − ω/2)N↑(ω′ + ω/2) +
N↓(ω′ + ω/2)N↑(ω′ − ω/2)]dω′ (3)
where N(ω)↑,↓ is the density of states of the spin up,
down channels.[20] The N(ω)↑,↓ that best fit the data
are plotted in Fig. 4b, with the resulting 1τ(ω) plotted
FIG. 4: (color online) (a)σ1(ω, 7K) with a Drude and hy-
bridization gap fit.[3] (b) N(ω)↑,↓ that fits the measured
1
τ(ω,7K)
, as described in the text. (c) Mean Free path deter-
mined from d.c. resistivity ρ(T ) = 3pi
2
~
e2k2
F
(T )l(T )
. (d) Diagram
of the temperature dependence of the electronic structure of
Yb14MnSb11 consistent with our measurements.
in Fig. 3 (blue line). The renormalized mass can then
be determined through a Kramers-Kronig transformation
of 1τ(ω) ,[21] the result of which is labeled fit in the in-
set of Fig. 2. Each channel of N(ω) contains a broad
band (bandwidth ≈ 32, 000 cm−1) and a sharp resonance
(width ≈ 200 cm−1). The broad band is consistent with
the valence bandwidth predicted by LDA calculations of
Ca14MnBi11,[11] and therefore this band is attributed to
the valence band of Yb14MnSb11. The key features of
the resonance are its narrow width, T dependence of its
amplitude (note the lack of a sudden onset of 1τ(ω,T ) at
high T ), and its connection to the renormalization of the
quasi-particles mass and scattering rate.
The features of the Kondo resonance are also reflected
in the shape of σ1(ω). As discussed earlier, at (T < T
∗)
the coherent peak in σ1(ω) results from the renormalized
heavy quasi-particles. We attribute the mid-infrared fea-
ture to the formation of a hybridization gap in the den-
sity of states.[2, 3, 4, 12] Specifically, it is believed that
in Kondo lattices hybridization between the local mag-
netic moment and the valence(conduction) band results
in a splitting of that band. If the band is less than half
filled, then heavy quasi-particles are formed producing
the coherent response, whereas the mid-infrared feature
results from transitions across the hybridization gap. To
confirm this assertion we have fit σ(ω, 7K) with a clas-
sical free carrier form (Drude) plus a calculation of the
gap response that closely follows the BCS calculation (for
more details see ref. [3]). The resulting fit is shown in
Fig. 4a. Interestingly, even at room temperature there
4is still some evidence of hybridization. We believe this is
due to the Kondo temperature (TK = 300 K> T
∗) as de-
termined from the width of the resonance and E∗F . Since
the ω and T dependence of σ1(ω, T ),
1
τ(ω,T ) ,& m
∗(ω) are
explained by the existence of a Kondo resonance, we con-
clude that Yb14MnSb11 is a Kondo lattice compound.
Interestingly, in Yb14MnSb11 the Kondo physics ap-
pears to be connected to the ferromagnetism as T ∗ ≈ TC .
Further evidence for the destruction of coherence above
TC is provided by the mean free path (l) shown in
Fig. 4c and the d.c. scattering rate shown in Fig. 3.
Both establish that the sample has reached the Ioffe-
Regel limit (l = Mn-Mn distance) at TC . We note
that this reflects the importance of magnetic scatter-
ing in this sample. Nonetheless the d.c. resistivity
(ρ(T )) displays a crossover to Fermi liquid behavior
(ρ(T ) = ρo + AT
2) below TC . Furthermore the ratio
of A and γ satisfy the Kadowaki-Woods relation [16],
A
γ2 ≈ 10
−5 µΩcmK2/(mJ/mol)2, which is known to hold
for a variety of strongly correlated Fermi liquids.[19]
While the data presented above can be attributed to
the formation of a Kondo resonance, this seems at odds
with the magnetic susceptibility data where the Mn ap-
pears in a d4 configuration.[8, 9] Furthermore, X-ray data
at room temperature suggest that the MnSb4 tetrahedra
have a Jahn-Teller distortion, which seems inconsistent
with a d5 + hole configuration.[9] These apparent incon-
sintencies may, however, be explained by a scenario in-
volving the formation of a Kondo resonance between the
carriers (holes) and one electron of the local Mn moment.
In the ground-state the system gains charge-transfer en-
ergy by taking one of the electrons in the Sb valence
band and placing it into the Mn d-level. Also, the sys-
tem can gain energy by distorting the tetrahedra such
that the empty t2G level moves above EF (see Fig. 4d).
At low T , these competing interactions may be resolved
by forming a Kondo resonance between the hole in the Sb
p-band and the fifth electron in the Mn d-level. This ”un-
derscreened” scenerio is possible as the Jahn-Teller effect
breaks the degeneracy of the Mn d electrons. Further-
more we believe the Jahn-Teller effect can exist in this
d5 configuration since the Kondo resonance will likely
mix states from the Sb p-band with the Mn levels.
The scenario described above, which extends the ideas
originally proposed in references 8 and 11, has a number
of interesting consequences. First the number of holes in
the Sb valence band will depend on the extent to which
Jahn-Teller effect overtakes the Kondo resonance, be-
cause the Kondo resonance essentially reduces the Jahn-
Teller effect in order to transfer the extra electron in the
Mn level. This implies that as the temperature is raised
above the coherence temperature some free carrier spec-
tral weight is transfered to the interband transition (See
Fig. 2 and inset of Fig. 1). Additionally the strong
Hund’s coupling between the electron in the t2G level
and the local moment may explain why the coherence
temperature appears to be the same as the ferromagnetic
transition temperature.
In conclusion we have demonstrated Yb14MnSb11 can
be classified as a Kondo lattice in the underscreened
limit. Furthermore we have suggested a scenario wherein
intricate balance is struck between carrier mediated fer-
romagnetism, Kondo and Jahn-Teller effects, which is
consistent with the data presented here as well as the
apparent conflict between the Jahn-Teller distortion and
d5 ground state inferred from the XMCD results.[10] This
scenario is also quite novel as it provides three ”firsts”, a
d-electron system with a Kondo-resonance and ferromag-
netism, Jahn-Teller and Kondo effects, and Kondo lattice
in the underscreened limit. However theoritical work is
clearly needed to clarify this picture as well as experi-
mental studies of the T dependence of the Jahn-Teller
distortion and Mn L3 edge to quantitatively determine
the evolution of the local Mn configuration.
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